Drug resistance, including adriamycin (ADR)-based therapeutic resistance, is a crucial cause of chemotherapy failure in breast cancer treatment. Acquired chemoresistance has been identified to be closely associated with the overexpression of P-glycoprotein (P-gp/ABCB1). Long non-coding RNA (lncRNA) growth arrest-specific 5 (GAS5) can be involved in carcinogenesis; however, its roles in ABCB1-mediated ADR resistance are poorly understood. In this study, we identified a panel of differentially expressed lncRNAs, mRNAs, and mi-croRNAs (miRNAs) in MCF-7 and MCF-7/ADR cell lines through RNA sequencing (RNA-seq) technologies. GAS5 level was downregulated whereas ABCB1 level was upregulated in the resistant breast cancer tissues and cells. Overexpression of GAS5 significantly enhanced the ADR sensitivity and apoptosis, and it inhibited the efflux function and expression of ABCB1 in vitro, while knockdown of GAS5 had the opposite effects. Further mechanism-related investigations indicated that GAS5 acted as an endogenous "sponge" by competing for miR-221-3p binding to regulate its target dickkopf 2 (DKK2), and then it inhibited the activation of the Wnt/b-catenin pathway. Functionally, GAS5 enhanced the anti-tumor effect of ADR in vivo. Collectively, our findings reveal that GAS5 exerted regulatory function in ADR resistance possibly through the miR-221-3p/DKK2 axis, providing a novel approach to develop promising therapeutic strategy for overcoming chemoresistance in breast cancer patients.
INTRODUCTION
Breast cancer is the most common cancer in women and one of the most common causes of cancer death worldwide, accounting for 30% in diagnosed new cases and 15% in estimated deaths. 1 Anthracycline genotoxic drug epirubicin or adriamycin (ADR) is a major chemotherapeutic drug that has been widely applied for breast cancer patients; however, the acquired drug resistance frequently restricted its curative effect and thus led to failure in the clinic. [2] [3] [4] Among many factors and causes of acquired drug resistance, overexpression of P-glycoprotein (P-gp/ABCB1) encoding by the multidrug resistance 1 (MDR1) gene plays a significant role in drug resistance due to the increased energy-dependent efflux of cytotoxic drugs from cancer cells. 5, 6 So far, however, the detailed mechanisms of drug resistance in cancer cells are complex and have not been fully elucidated. Therefore, a better understanding of the molecular mechanisms of drug resistance in breast cancer is necessary in order to identify the promising therapeutic targets and improve the efficiency of chemotherapy for breast cancer patients.
Long non-coding RNAs (lncRNAs) are a class of transcripts more than 200 nt in length and limited protein-coding ability, which have been confirmed to be involved in many cellular and genomic processes associated with carcinogenesis and drug resistance/sensitivity. 3, 7 Moreover, the importance of lncRNAs in the resistance of breast cancer to multiple drugs has been discussed. For instance, lncRNA TINCR (terminal differentiation-induced non-coding RNA) enhanced trastuzumab resistance and migration, invasion, and the accompanied epithelialmesenchymal transition (EMT) process in breast cancer by competitive binding to miR-125b, upregulating HER-2 (human epidermal growth factor receptor-2) and Snail-1. 8 Knockdown of H19 restored chemosensitivity in a paclitaxel-resistant triple-negative breast cancer cell line by regulating the Akt-mediated apoptotic signaling pathway. 9 Moreover, knockdown of H19 repressed the expression of transcription factors related to the Wnt pathway and EMT, and it improved tamoxifen sensitivity for promoting cell growth and inhibiting apoptosis in tamoxifen-resistant breast cancer cells. 10 lncRNA SNHG14 contributed to trastuzumab resistance and tumorigenesis in breast cancer cells through regulating PABPC1 expression by H3K27 acetylation. 11 Furthermore, extracellular lncRNA-SNHG14 was able to be incorporated into exosomes and transmitted to sensitive breast cancer cells, thus inducing trastuzumab resistance. 12 lncRNA growth arrest-specific 5 (GAS5) is an lncRNA 650 bases in length, originally isolated from NIH 3T3 cells using subtraction hybridization in 1988, 13 which was downregulated in breast cancer samples and cells. 14, 15 A recent report demonstrated that upregulation of GAS5 alleviated tamoxifen resistance by acting as a molecular sponge of miR-222, leading to the de-repression of its endogenous target phosphatase and tensin homologs (PTENs) in breast cancer. 16 In addi-tion, GAS5 can sensitize tumor cells to UV irradiation and doxorubicin, as well as suppress cell invasion by regulating PTENs and PDCD4 through miR-21. 17 Although GAS5 has been suggested to play roles in chemoresistance, the underlying mechanism of GAS5mediated gene expression having an impact on drug resistance is still elusive.
In this study, we attempted to explore the contributions of GAS5 to the ADR resistance in breast cancer and explore the potential mechanisms. We found that GAS5 expression was decreased whereas ABCB1 was increased in breast cancer-resistant patients and cell lines (Table 1 ). Furthermore, our results show, for the first time, that GAS5 modulates ABCB1-mediated ADR resistance by targeting the miR-221-3p/dickkopf 2 (DKK2)/b-catenin pathway in breast cancer cells. Thus, GAS5 maybe a promising therapeutic biomarker and target for the treatment of breast cancer patients with ADR resistance.
RESULTS

GAS5 Is Downregulated while ABCB1 Is Upregulated in Breast Cancer Tissues and Cell Lines
The RNA expression profiles were obtained from MCF-7 (human breast cell line) and ADR-resistant MCF-7 cells (MCF-7/ADR) by RNA sequencing (RNA-seq). A total of 3,811 lncRNAs and 4,088 mRNAs were detected with the criteria of absolute false discovery rate (FDR) value <0.05 and p value <0.01. Among them, 1,264 lncRNAs and 1,943 mRNAs were significantly downregulated, whereas 2,547 lncRNAs and 2,145 mRNAs were significantly upregulated in the MCF-7/ADR cells than that in MCF-7 cells (Figures 1A and 1B, all p < 0.01; >3.0-fold). The 10 lncRNAs and mRNAs with the largest fold changes are shown in Tables 2 and 3 . Of particular interest, we noticed that GAS5 was one of the most prominently downregulated lncRNAs and ABCB1 was the most upregulated mRNA in the ADR-resistant breast cancer cells. This suggested that low GAS5 expression and high ABCB1 expression were associated with ADR resistance. Next, we examined the expressions of GAS5 and ABCB1 in clinical samples and cells.
According to RECIST criteria, we evaluated the clinical responses to neoadjuvant chemotherapy (NAC) in 26 patients. In our study, a total of 6 patients (23%) had a partial response (PR) and 4 patients (15%) had complete responses (CRs), which were regarded as clinical responders, whereas 10 patients (38%) had stable disease (SD) and 6 patients (23%) had progressive disease (PD), which were regarded as non-responders. Therefore, in our study 10 patients were responders and 16 patients were non-responders. To investigate the potential roles of GAS5 and ABCB1 for response to chemotherapy in breast cancer patients, GAS5 and ABCB1 expression were examined by quantitative real-time PCR in breast cancer tissues of clinical responders (n = 10) and non-responders (n = 16). As shown in Figure 1C , GAS5 expression was considerably downregulated in non-responders compared with that in the responders. On the contrary, ABCB1 expression was upregulated in non-responders compared with that in the responders ( Figure 1D ). Moreover, the mRNA expression level of ABCB1 was positively correlated with www.moleculartherapy.org GAS5 level in breast cancer tissues ( Figure 1E ). Due to the relevance between GAS5 and ABCB1 in ADR resistance, we further evaluated the GAS5 and ABCB1 expressions in MCF-7 and MCF-7/ADR cells. The relative expression level of GAS5 was strongly decreased ( 
GAS5 Influenced Chemoresistance in Breast Cancer Cells
Afterward, we investigated whether GAS5 is associated with the ADR resistance of breast cancer cells. The 50% inhibition concentration (IC 50 ) of ADR was measured to confirm the ADR resistance of MCF-7/ADR cells in comparison with its parental MCF-7 cells. As shown in Figure 2A , the IC 50 value of ADR in MCF-7/ADR cells was almost 160-fold compared to that in MCF-7 cells. To further uncover the function of GAS5 on the sensitivity of ADR, the breast cancer cells were transfected with GAS5 overexpression plasmid (pcDNA-GAS5) or two specific GAS5 small interfering RNAs (siRNAs) (si-GAS5#1 and si-GAS5#2). As expected, GAS5 expression was markedly upregulated in MCF-7/ADR cells when transfected with pcDNA-GAS5, whereas GAS5 expression was downregulated by 64% by si-GAS5#1 and 41% by si-GAS5#2 compared with their counterparts, respectively ( Figure 2B ). Additionally, the value of IC 50 of ADR and cell proliferation capacity were all strongly decreased in MCF-7/ADR cells by overexpression of GAS5, while introduction with si-GAS5#1 or si-GAS5#2 in MCF-7 cells showed an inverse effect ( Figures 2C and 2D ). Furthermore, flow cytometry analysis observed that ADR-induced apoptosis was remarkably increased in pcDNA-GAS5-transfected MCF-7/ADR cells and decreased in si-GAS5#1-or si-GAS5#2-transfected MCF-7 cells (Figure 2E ). Overall, all of the data concluded that GAS5 reversed the breast cancer cell chemoresistance to ADR-based chemotherapy in vitro; here, we further examined the effect of GAS5 on the functions and expressions of ABCB1.
Rhodamine-123 (Rh123), which is an ABCB1-specific fluorescent dye, was used to measure the efflux function of ABCB1. 18 As described in Figure 2F , compared with sensitive MCF-7 cells, lesser accumulation of Rh123 was significantly observed in resistant MCF-7/ADR cells. When the GAS5 expression was overexpressed by pcDNA-GAS5, the Rh123 accumulation in MCF-7/ADR cells was increased 1.78-fold compared to pcDNA-negative control (NC) (empty pcDNA3.1 vector) group cell levels. Consistently, the Rh123 accumulation was decreased almost 1.52-fold in MCF-7 cells transfected with specific si-GAS5#1 than in the NC group siRNA (si-NC), indicating that GAS5 inhibited the cellular efflux function of ABCB1. Furthermore, overexpression of GAS5 dramatically decreased ABCB1 mRNA and protein levels by almost 60% in MCF-7/ADR cells, and knockdown of GAS5 by transferring si-GAS5#1 increased the levels by more than 50% in MCF-7 cells (Figures 2G and 2H ). In total, our results exhibited that GAS5 might restrain ABCB1 function and expression, thus influencing the chemoresistance of breast cancer cells.
GAS5 Inhibited miR-221-3p Expression by Direct Interaction
In order to explore the potential mechanism of GAS5 involved in ADR sensitivity in breast cancer cells, the online databases DIANA-LncBase, miRcode, and RNA-seq were applied to predict and confirm the most underlying microRNA (miRNA) that can be interacted with GAS5. We selected and identified the 456 miRNAs that were significantly differentially expressed by RNA-seq ( Figure 3A , all p < 0.01; >3.0-fold). Of all of the 456 miRNAs, we found that miR-221-3p was the most upregulated miRNA in the MCF-7/ADR cells (Table  4 ). Interestingly, the results of online bioinformatics analysis indicated that complementary sites exist between miR-221-3p and GAS5 ( Figure 3B ). Moreover, the subcellular location of GAS5 was determined by quantitative real-time PCR. The results showed that GAS5 was mainly localized in the cytoplasmic fraction, indicating that GAS5 had a chance to interact with cytoplasmic miRNAs (Figure 3C) . The further dual-luciferase reporter assay and RNA immunoprecipitation (RIP) assay validated the direct binding between miR-221-3p and GAS5 in MCF-7/ADR cells. In the dual-luciferase reporter assay, co-transfection of MCF-7/ADR cells with GAS5 wild-type (WT) reporter vector (GAS5-WT) and miR-221-3p mimics remarkably decreased the luciferase activity of GAS5 compared to those transfected with GAS5 mutant (MUT) type reporter vector (GAS5-MUT) ( Figure 3D ), and downregulation of miR-221-3p by introducing anti-miR-221-3p clearly promoted the luciferase activity ( Figure 3E ). However, the mutant reporter activities in all transfected cells had no evident effects ( Figures 3D and 3E ). Moreover, RIP data revealed that GAS5 and miR-221-3p were highly enriched in the complex precipitated by Argonaute2 (Ago2) antibody relative to nonspecific immunoglobulin G (IgG) control antibody ( Figure 3F ). Then, the effect of GAS5 on miR-221-3p expression was detected in MCF-7/ADR cells transfected with pcDNA-GAS5. As shown in Figure 3G , miR-221-3p was downregulated by ectopic GAS5. Subsequently, we detected the expression of miR-221-3p in breast tumor tissues and cells. It was shown that miR-221-3p was strongly significantly upregulated in non-responders compared with that in the responders (Figure 3H) , and miR-221-3p expression in MCF-7/ADR cells was about 3-fold greater than that in corresponding controls ( Figure 3I ). Additionally, Pearson's correlation analysis demonstrated that miR-221-3p expression was inversely correlated with GAS5 expression in breast tumor tissues ( Figure 3J ). All of these results suggested that GAS5 could directly bind to miR-221-3p and regulate its expression.
miR-221-3p Mediates the Effects of GAS5 on the ADR Resistance of Breast Cancer Cells
Next, we attempted to explore whether miR-221-3p mediated the effect of GAS5 on the chemoresistance of breast cancer cells. The results indicated that GAS5-triggered reduction of miR-221-3p levels was significantly reversed by miR-221-3p overexpression in MCF-7/ADR cells ( Figure 4A ). Consistently, si-GAS5#1-induced promotion of miR-221-3p expression was markedly recovered after depletion of miR-221-3p in MCF-7 cells in comparison to homologous controls ( Figure 4A ). In the Cell Counting Kit-8 (CCK-8) and colony formation assays, GAS5 decreased the IC 50 of ADR and cell proliferation, which were strikingly reversed by introduction with miR-221-3p mimics in MCF-7/ADR cells, whereas si-GAS5#1 showed the opposite effects by introduction with anti-miR-221-3p ( Figures 4B and  4C ). The data from flow cytometry indicated that GAS5-elicited apoptosis was significantly lowered after upregulation of miR-221-3p in MCF-7/ADR cells, while si-GAS5#1-induced reduction on apoptosis was greatly improved following downregulation of miR-221-3p in MCF-7 cells ( Figure 4D) . Collectively, these findings demonstrated that GAS5 increased the sensitivity of breast cancer cells to ADR through repressing miR-221-3p.
miR-221-3p Directly Targets DKK2, Regulating ABCB1 Expression
Bioinformatics databases (TargetScan, starBase, and miRDB) analysis revealed that DKK2, which is a critical receptor for activation of the Wnt/b-catenin signaling pathway, was identified as a potential target of miR-221-3p ( Figure 5A ). In the meantime, it has been reported that DKK2 is a target of miR-221 in osteosarcoma. 19 Following the above findings, we attempted to explore whether DKK2 was a target of miR-221-3p in breast cancer cells. Later, a luciferase reporter assay was performed to confirm the binding site of miR-221-3p. It indicated that miR-221-3p negatively regulated the luciferase activity of DKK2-WT-3 0 UTR, rather than that of DKK2-MUT-3 0 UTR ( Figure 5B ). Subsequently, DKK2 was distinctly downregulated in non-responders compared with responders with respect to breast cancer tissues ( Figure 5C ), and DKK2 mRNA expression was decreased more in ADR-resistant MCF-7/ADR cells than that in the MCF-7 control group ( Figure 5D ). Furthermore, Figures 5E and 5F suggested that mRNA and protein expression levels of DKK2 in MCF-7/ADR cells were inactively regulated by miR-221-3p, while the mRNA and protein expression levels of ABCB1 displayed the contrary effect. Therefore, we concluded that miR-221-3p directly targets DKK2 and induces ABCB1 in breast cancer cells. To determine whether specific crosstalk existed between GAS5 and DKK2 through competition for miR-221-3p binding ( Figure 6A ), we conducted luciferase report assays by transfecting DKK2 WT reporter vector (DKK2-WT) into cells together with miR-221-3p mimics or miR-221-3p mimics+pcDNA-GAS5. These data indicated that the fluorescence intensity of the DKK2-WT vector was remarkably inhibited by co-transfection with miR-221-3p mimics compared to the corresponding controls. Additionally, miR-221-3p triggered a decrease in luciferase activity of the DKK2-WT vector, which was substantially counteracted by GAS5 upregulation (Figure 6B ). In addition, we found that GAS5 increased the DKK2 expression and decreased the expression of the Wnt/b-catenin pathway downstream targets c-Myc and cyclin D1 ( Figures 6C and  6D ). Then, we attempted to explore whether GAS5 regulated ABCB1 expression via activating the Wnt/b-catenin signaling pathway by the GAS5/miR-221-3p/DKK2 axis. Real-time PCR for rescue experiments revealed that GAS5 positively regulated DKK2 mRNA expression, which was mediated by miR-221-3p. It showed that pcDNA-GAS5 not only increased the DKK2 expression but also decreased the b-catenin, c-Myc, cyclin D1, and ABCB1 expressions, as previously mentioned, while when combined with miR-221-3p mimics or si-DKK2 it reversed the effects of pcDNA-GAS5 ( Figures 6E-6G) . When combining the preceding findings, the data demonstrated that GAS5 inhibits ABCB1 expression by activating the Wnt/b-catenin signaling pathway through the GAS5/ miR-221-3p/DKK2 axis.
GAS5 Enhances ADR Sensitivity in Breast Cancer In Vivo
To further verify the underlying effects and mechanisms of GAS5 in increasing the sensitivity of breast cancer MCF-7/ADR cells to ADR in vivo, cells infected with pcDNA-GAS5 or pcDNA-NC were subcutaneously injected into each nude mouse to generate tumor xenograft, followed by administration with ADR or PBS. As shown in Figures 7A  and 7B , GAS5 overexpression or ADR treatment dramatically decreased the tumor volume and weight compared with the control group. Furthermore, a more distinct inhibition on tumor growth was caused by simultaneous GAS5 overexpression together with ADR treatment, suggesting the vital role of GAS5 on ADR sensitivity in vivo ( Figures 7A and 7B ). Consistent with previous findings, we found that the expressions of GAS5 ( Figure 7C ) and DKK2 (Figure 7E) were increased, but the expressions of miR-221-3p (Figure 7D ) and ABCB1 ( Figure 7E ) were decreased, in tumor tissues derived from GAS5-overexpressed MCF-7/ADR cells with or without ADR treatment. A Western blot assay confirmed that the DKK2 expression level was clearly increased while the ABCB1 level was decreased followed by GAS5 overexpression in tumor xenografts with or without ADR treatment ( Figure 7F ). Overall, these results suggested that overexpression of GAS5 enhances ADR sensitivity in breast cancer in vivo.
DISCUSSION
During the past decades, the overall prognosis of breast cancer patients diagnosed at the early stage has been remarkably improved through standard chemotherapy after surgical resection. Largely due to drug resistance, however, the 5-year survival rates of breast cancer patients remain dismal. [20] [21] [22] It has been proposed that drug resistance has frequently been associated with elevated expression levels of ABCB1 in breast cancer cells. 6, 23 Overcoming resistance mediated by ABCB1 is still a challenge in breast cancer chemotherapy. Recently, emerging evidence has demonstrated that aberrant lncRNA expression is strongly implicated in the development of drug resistance in breast cancer; however, the molecular mechanisms for regulation of ABCB1 by lncRNA in drug resistance have not been well elucidated.
In our present study, based on the analysis results of RNA-seq, we focused on lncRNA GAS5, which significantly contributes to various aspects of cancer biology and has been identified as a critical player of drug resistance in cancer therapy. Liu et al. 24 found that GAS5 was downregulated in both pancreatic cancer tissues and cell lines.
Overexpression of GAS5 suppressed cell proliferation, cell invasion, and migration and promoted gemcitabine-induced apoptosis by regu-lating the miR-221/SOCS3 pathway, mediating EMT and tumor stem cell self-renewal. Similarly, GAS5 upregulation could decrease the malignancy and cisplatin resistance of cervical cancer HeLa cells via the miR-21/STAT3 signaling pathway. 25 Furthermore, GAS5 improved the development of multidrug resistance of pancreatic cancer cells by regulating the miR-181c-5p/ABCB1/Hippo pathway. A recent study indicated that GAS5 was significantly downregulated in tamoxifen-resistant MCF-7R cells, and overexpression of GAS5 could enhance the cell sensitivity to tamoxifen in MCF-7R cells both in vitro and in vivo. 16 However, it is still unclear whether GAS5 could also affect ADR resistance in breast cancer cells. ADR is an ABCB1 substrate, which limits its effectiveness for current use in treating breast cancer patients. 26 Based on the above, we sought to determine the potential mechanisms between GAS5 and ABCB1-mediated ADR resistance in breast cancer. Our results found an inverse correlation of expression patterns between GAS5 and ABCB1. The expression level of GAS5 was significantly low in non-responder breast cancer tissues and in MCF-7/ADR cells, whereas expression level of ABCB1 was very high. Overexpression of GAS5 greatly increased the sensitivity and apoptosis of MCF-7/ADR cells to ADR. Conversely, ADR sensitivity and apoptosis were reduced by treatment with si-GAS5. Moreover, we assessed the impact of GAS5 on the efflux function of ABCB1 by Rh123 transport assay. GAS5 upregulation distinctly increased the intracellular accumulation of the substrate drug Rh123, whereas downregulation decreased compared to the cells transfected with NC. We further found that GAS5 upregulation completely suppressed ABCB1 expression. These findings highlight the importance of GAS5 dysfunction in the development of drug resistance.
Considerable research has shown that one of lncRNA's functional mechanisms is the competing endogenous RNA (ceRNA)-miRNA-mRNA regulatory network, which maintains the activity and functional balance of gene circuitry in a cancer cell. Any disturbance of this system may trigger a series of cellar pathological processes. Hence, we used RNA-seq and online software (e.g., DIANA-LncBase, miRcode) to search for the potential target miRNAs of GAS5. miR-221-3p is regarded as a tumor suppressor in human cancers, including breast cancer. 27, 28 Interestingly, miR-221-3p is the top target miRNA when using RNA-seq analysis. Additionally, several conserved cognate sites between GAS5 and miR-221-3p existed, predicting that GAS5 might serve as a ceRNA of miR-221-3p. Li et al. 29 revealed that the ceRNA network normally occurs in the cytoplasm. Our study verified that GAS5 was substantially enriched in the cytoplasmic fraction, showing that GAS5 had a chance to interact with cytoplasm miRNAs. Additionally, our data also indicated that the negative correlation between GAS5 and miR-221-3p was confirmed in ADR-resistant breast cancer tissues. In the subsequent luciferase reporter experiments, the results of RIP and quantitative real-time PCR assays indicated that GAS5 could suppress miR-221-3p expression through direct interaction. GAS5 overexpression could suppress the expression of miR-221-3p. Moreover, induced GAS5 increased the sensitivity and apoptosis of MCF-7/ADR cells to ADR, which was antagonized following the restoration of miR-221-3p expression. Knockdown of GAS5 by si-GAS5#1 decreased the sensitivity and apoptosis of MCF-7 cells to ADR, which was fortified after transfection with miR-221-3p inhibitors. All of these data provided evidence that GAS5 sensitized breast cancer cells to ADR via restraining miR-221-3p expression.
Next, we investigated the potential targets of miR-221-3p, and DKK2 was identified as a functional target in ADR-resistant breast cancer MCF-7/ADR cells. DKK2 is a member of the dickkopf family, which is identified as a secreted modulator of Wnt-b-catenin signaling by binding to the lipoprotein receptor-related protein 5/6 (LRP5/6) component of the Wnt receptor complex. 30 DKK2 has been reported to be involved in drug resistance and promote tumor cell survival, proliferation, metastasis, and invasion. [30] [31] [32] Remarkably, previous research found that DKK2 could stimulate tumor metastasis and angiogenesis via accelerating the aerobic glycolysis of human colorectal cancer cells, through a novel VEGF-independent, but energy metabolism-related pathway. 30 Wang et al. 31 showed that miR-221 functions as an oncomiR and controls 5-fluorouracil (5-FU) resistance in esophageal adenocarcinoma cancer by direct targeting of DKK2 expression via modulation of the Wnt/b-catenin-EMT pathway. In our study, DKK2 expression was decreased in non-responder breast cancer tissues and in MCF-7/ADR cells. In addition, GAS5 upregulation increased DKK2 expression whereas GAS5 knockdown repressed DKK2 expression. Additionally, GAS5 inhibited activation of the Wnt/b-catenin pathway. Moreover, the correlation between GAS5 and the miR-221-3p/DKK2 axis was determined by a dual-luciferase reporter assay. In the subsequent rescue experiments, we showed that GAS5 upregulation increased the expression of DKK2 and decreased the expressions of ABCB1 and the Wnt/b-catenin pathway, while these effects were attenuated following miR-221-3p overexpression or DKK2 inhibition. All of these results implied that GAS5 could reverse the ADR resistance by the miR-221-3p/DKK2 axis via the Wnt/b-catenin pathway in ADR-resistant breast cancer cells. In vivo experiments also confirmed that overexpression of GAS5 led to decreases in miR-221-3p and ABCB1 expression, as well as an increase in DKK2 expression, in resected tumors derived from MCF-7/ADR cells with or without ADR treatment. Taken together, all of these results led us to the conclusion that GAS5 could enhance ADR sensitivity in breast cancer cells via the miR-221-3p/DKK2 axis, at least in part through the Wnt/b-catenin pathway.
In conclusion, our study demonstrates the existence of a dual role played by GAS5 in ABCB1-mediated drug resistance of breast cancer. In particular, we highlight a novel ceRNA-miRNA-mRNA regulation mechanism in which GAS5 positively reverses the ABCB1-mediated ADR resistance via the miR-221-3p/DKK2 axis by repressing the Wnt/b-catenin pathway. Our present data provide strong evidence that the GAS5/miR-221-3p/DKK2 axis may be a promising chemosensitizing strategy for the treatment of breast cancer. Table 1 . The clinical response was assessed by the decrease in tumor size and classified according to RECIST criteria. 33 Thus, patients with complete response (CR) or partial response (PR) were regarded as clinical responders, while patients with stable disease (SD) or progressive disease (PD) were regarded as non-responders for further analysis. 34, 35 Fresh tumor samples were immediately frozen in liquid nitrogen and preserved at À80 C. The present study was approved by the Ethics Committee of Anhui Medical University, and all patients signed an informed consent.
MATERIALS AND METHODS
Patients and Specimens
Cell Culture and Transfection
The parental-sensitive human breast cell line MCF-7 and ADRresistant cell line MCF-7/ADR were kind gifts from Prof. Tao Zhu (University of Science and Technology of China). The cells were cultured in RPMI 1640 medium (Biological Industries, Israel) containing 10% fetal calf serum (Biological Industries, Israel) and 1% penicillin-streptomycin solution at 37 C under a humidified atmosphere of 5% CO 2 . The MCF-7/ADR cells were cultured in the above-mentioned media that were additionally supplemented with 1 mg/mL ADR (KeyGen Biotech, Nanjing, China) to maintain the drug-resistant phenotype. The GAS5 overexpression plasmid pcDNA3.1-GAS5 (pcDNA-GAS5) was generated by inserting the full-length GAS5 sequence into the NheI and BamHI sites of pcDNA (Invitrogen, USA). All miRNA mimics (miR-221-3p NC [miR-NC]), miRNA inhibitors (anti-miR-221-3p, anti-miR-NC), and si-RNAs (si-NC, si-GAS5#1, and si-GAS5#2) were designed and synthesized by GenePharma (Generay, Shanghai, China). Transfection was performed using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer's instructions. Cells were harvested for further evaluation at 48 h after transfection. The sequences of oligonucleotides used are as follows: miR-221-3p mimics, 5 0 -AGCUACAUUGUCUG CUGGGUUUC-3 0 , 5 0 -AACCCAGCAGACAAUGUAGUCUUU-3 0 ; miR-221-3p mimic NCs, 5 0 -UUCUCCGAACGUGUCACGUTT-3 0 , 5 0 -ACGUGACACGUUCGGAGAATT-3 0 ; miR-221-3p antagomirs, 5 0 -CAAACCCAGCAGACAAUGUAGCU-3 0 ; miR-221-3p antagomir NCs, 5 0 -CAGUACUUUUGUAGUACAA-3 0 .
RNA-Seq Analysis lncRNAs, miRNAs, and mRNAs in the RNA samples were profiled using human RNA-seq analysis (Smartquerier Biomedicine, Shanghai, China). Differentially expressed lncRNAs, miRNAs, and mRNAs were identified by volcano plot filtering. Upregulated or downregulated lncRNAs were selected based on changes R3-fold thresholds and p <0.01.
Drug Sensitivity Assay
The ADR sensitivity of cells was detected using a CCK-8 (Sigma-Aldrich) assay by measuring the IC 50 value (ADR concentration causing 50% decrease in absorbance compared with control). Briefly, cells were seeded into each well of a 96-well plate at 2 Â 10 3 per well overnight and incubated with various concentrations of ADR (0.02, 0.1, 0.5, 2.5, 12.5, and 25 mg/mL for MCF-7, and 0.5, 1, 5, 25, 125, and 250 mg/mL for MCF-7/ADR). After incubation with ADR treatment, the cell viability was evaluated using a CCK-8 assay according to the manufacturer's instructions.
Cell Proliferation Assay
Cell proliferation capacity was determined by using CCK-8 and colony formation assays. At 0, 24, 48, and 72 h after transfection, the CCK-8 solution was added to each well and incubated for 4 h. The absorbance was recorded at a wavelength of 450 nm using a SpectraMax i3x microplate reader (Molecular Devices, USA). With respect to the colony formation assay, cells were seeded in six-well plates and then cultured for 14 days in culture medium with 10% fetal bovine serum (FBS) as previously performed. 36 Each assay was repeated three times.
Apoptosis Analysis
Twenty-four hours after the transfection as described above, ADR was added, with the final concentration of 80 mg/mL for MCF-7/ ADR and 1 mg/mL for MCF-7. Forty-eight hours later, cell apoptosis was measured by an annexin V-allophycocyanin (APC)/7-aminoactinomycin D (7-AAD) apoptosis detection kit (KeyGen Biotech, China) according to the manufacturer's protocols. Analyses were conducted using a BD LSR flow cytometer (BD Biosciences).
Intracellular Accumulation of Rh123
Accumulation of Rh123 by flow cytometry was carried out following modified methods as previously described. 18 Briefly, the cells were transfected with GAS5 overexpression plasmid (pcDNA-GAS5) or GAS5 siRNA (si-GAS5#1) for 48 h, and then cells were collected and incubated with 5 mg/mL Rh123 at 37 C, 5% CO 2 for 30 min. After incubation, the cells were gathered and washed three times with icecold PBS and then resuspended in 500 mL of PBS. Immediately, the mean fluorescence intensity of intracellular Rh123 was determined by a CytoFLEX flow cytometer (Beckman Coulter) with excitation/ emission wavelengths of 488/525 nm.
Quantitative Real-Time PCR
Total RNA was extracted from breast cancer tissue samples or cell lines by using a RISO RNA isolation reagent (Biomics Biotechnologies, USA). The expression of miRNA was measured using an EzOmics miRNA qPCR detection primer set (Biomics Biotechnologies, USA) and EzOmics one-step qPCR kit (Biomics Biotechnologies, USA) in an Applied Biosystems 7500 instrument.
Total RNA was extracted by using TRIzol reagent (Invitrogen, USA). Reverse transcription was performed using a first-strand cDNA synthesis kit (Fermentas, USA) according to the manufacturer's protocol. Quantitative real-time PCR analysis was conducted by using SYBR Green PCR master mix (QIAGEN, Germany). The relative expression of target genes was calculated by using the 2 ÀDDCT method and expressed as fold change relative to the respective control. The CT values were normalized using U6 or GAPDH as an internal control. Primer sequences are listed in Table S1 . PCR was performed in triplicate.
